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Glucocorticoids inhibit prostaglandin synthesis not
only at the level of phospholipase A2 but also at the
level of cyclo-oxygenase/PGE isomerase
'Margarete Goppelt-Struebe, Dirk Wolter & Klaus Resch

Div. Molecular Pharmacology, Department of Pharmacology and Toxicology, Medical School Hannover,
Hannover, F.R.G.

1 Prostanoid synthesis was induced in bone marrow-derived macrophages by addition of exo-

genous arachidonic acid to the cell cultures. When the cells were preincubated with dexamethasone
(10'- and 10 6m) overnight, prostaglandin synthesis was inhibited by 66.5 + 2.8% and
56.7 + 2.9% (mean + s.d.; n = 3) respectively.
2 Endogenous membrane bound phospholipase A2 was measured with labelled phospholipids
used as substrates. The enzyme activity with phosphatidylcholine and phosphatidylethanolamine as

substrates was inhibited by 27.0 + 8.3% and 23.3 + 11.1% (n = 4) respectively, in dexamethasone-
treated macrophages compared to control cells. Neither the distribution of radiolabelled arachid-
onic acid among the different phospholipid species nor the release of arachidonic acid from
prelabelled cells were significantly impaired by pretreatment of the macrophages with dexametha-
sone (1 gM).
3 The enzyme activity of the cyclo-oxygenase/prostaglandin E (PGE) isomerase was measured in
cell membranes from control cells and dexamethasone-treated cells. It was inhibited by 40.0 + 8.4%
(n = 4) in dexamethasone-treated cells as compared to control cells. Thus, glucocorticoids inhibit
not only phospholipase A2 in these cells, but predominantly inhibit arachidonic acid metabolism
subsequent to its release from phospholipids.

Introduction

Glucocorticoids exert their multiple metabolic func-
tions by binding to cytoplasmic receptors and sub-
sequent induction of catalytic or regulatory proteins
(Rousseau, 1984). Their anti-inflammatory properties
have been attributed in part to the liberation and
enhanced synthesis of proteins, collectively called
lipocortins, which inhibit phospholipase A2, leading
to a decreased eicosanoid synthesis (Flower, 1984).
Such proteins have been isolated from various cells
(Sato et al., 1988, and references therein) and cloned
from the human histiocytic lymphoma line U937
(Wallner et al., 1986). Lipocortins were shown to be
identical with another group of proteins, membrane
cytoskeletal proteins which bind calcium and phos-
pholipids including calpactins I and II, as well as
other proteins (Huang et al., 1986; Brugge, 1986).
These proteins are very abundant and may account
for up to 2.5% of total cell protein as shown in endo-

1 Author for correspondence at Medizinische Hochschule
Hannover Zentrum Pharmakologie, OE5320, D-3000 Han-
nover 61, F.R.G.

thelial cells (Hullin et al., 1989). Their exact physio-
logical function has not yet been defined but it has
been supposed that they may play a role in
membrane-to-cytoskeleton linkage (Glenney et al.,
1987) or regulation of cell functions such as secretion
(Hutton, 1986).
The effect of glucocorticoids on phospholipase A2

is most often measured by the decreased release of
fatty acids from prelabelled cellular lipids (e.g. Hong
& Levine, 1976; Flower & Blackwell, 1979; Hirata et
al., 1980). An attempt to measure reduced endo-
genous phospholipase activity with exogenous sub-
strate was not successful (Russo-Marie & Duval,
1982). The phospholipase A2 inhibitory capacity of
lipocortins is usually measured with pancreatic phos-
pholipase and various labelled phospholipids, most
often labelled E. coli, as substrate. It was shown
recently at least in the case of some substrates, that
lipocortins do not interact directly with the phos-
pholipase A2 but inhibit the enzyme by interaction
with the substrate phospholipids (Davidson et al.,
1987; Aarsman et al., 1987).
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By comparing arachidonic acid release and PGE2
synthesis in unstimulated mouse peritoneal macro-
phages, Wood et al. (1984) found an inhibition of
PGE2 synthesis but not arachidonic acid release in
hydrocortisone-treated cells. The molecular mech-
anism underlying these effects of hydrocortisone,
however, was not further investigated. Therefore, in
the present study we investigated the molecular
mechanism of the inhibition of prostaglandin synthe-
sis in macrophages by dexamethasone. For the first
time we were able to measure a decreased enzyme
activity of membrane-bound endogenous phos-
pholipase A2 after treatment of cells with dexa-
methasone. In addition, a marked decrease of
cyclo-oxygenase/PGE isomerase activity was
demonstrated which was even more pronounced
than the inhibition of phospholipase A2 activity.
These findings indicate a more complex interference
of glucocorticoids with arachidonic acid metabolism
than has often been suggested.

Methods

Bone marrow cultures

Bone marrow-derived macrophages were cultivated
in a similar way to that described by Fischer et al.
(1984). Cells were flushed from the femora of six to
eight week-old C57/B16 mice and cultivated in
DMEM (4.5 g ml-' glucose, Gibco, Karlsruhe,
F.R.G.), supplemented with 1 mm sodium pyruvate,
2mM glutamine, 1% non essential amino acids,
5 x 10-5M 2-mercaptoethanol, 10% new born calf
serum (Gibco), 5% horse serum (Boehringer Mann-
heim, F.R.G.) and 30% L-cell conditioned medium.
Bone marrow cells were seeded in petri dishes
(Greiner Nuertingen, F.R.G.) (10ml, 1 x 10o
cellsml-1) and cultured at 370C in a humidified
atmosphere containing 10% CO2. At day 5, 5 ml of
the medium, containing non adherent cells, were
removed and supplemented by lOml fresh medium.
Medium (10ml) was also exchanged on day 7. At
day 8, the medium was removed and the adherent
cells were washed twice with warm phosphate buf-
fered saline. To remove adherent cells, the mono-
layer was incubated for 10min on ice with 10ml
HEPES (5mM) buffered RPMI 1640 (Gibco). Then
the cells were flushed with a pipette, centrifuged and
washed once with HEPES buffered RPMI. The cells
were subcultured with 5 to 6 x 106 cells per petri
dish in culture medium as described above. At day
11 the cells were flushed from the dishes and used for
the experiments. Cell viability always exceeded 90%
as determined by trypan blue exclusion. Homo-

geneity of the macrophage preparation was assessed
by staining according to Giemsa and non specific
esterase staining (Ichikawa et al., 1966; Gould et al.,
1975).

L-cell conditioned medium

L 929 S cells were kindly provided by E. Ferber,
Freiburg, F.R.G. They were kept in DMEM contain-
ing 10% foetal calf serum (Flesch & Ferber, 1986).
Conditioned medium was prepared in 160 cm2
culture flasks (Costar, Technomara, Fernwald,
F.R.G.) with 5 x 106 cells per 50ml medium. At day
8, the medium was collected, centrifuged and kept
batchwise at - 20°C.

Release ofprostaglandins

Macrophages were preincubated over night in
DMEM supplemented with 5mg ml-1 bovine serum
albumin (essentially fatty acid-free) in flat bottom
micro titer plates (Nunc, Wiesbaden, F.R.G.) at a cell
density of 5 x 10'cellsmlP . If not indicated other-
wise, dexamethasone was added during this preincu-
bation period. Then the medium was removed and
the cells were further incubated with DMEM and
the respective concentration of dexamethasone in the
presence or absence of arachidonic acid to induce
prostaglandin synthesis. After the times indicated,
the supernatant was removed, centrifuged and an
aliquot used for the determination of the prostaglan-
din concentration.
The concentration of PGE2 and thromboxane B2

(TXB2) was determined by a double antibody
radioimmunoassay as described recently (Kaever et
al., 1988). The antibodies were kindly provided by V.
Kaever, Hannover, F.R.G.

Release ofarachidonic acid

Release of arachidonic acid was determined accord-
ing to Wood et al. (1984). Macrophages were incu-
bated over night as described above with 0.04 yCi
[14C]-arachidonic acid (Amersham Buchler, Braun-
schweig, F.R.G., specific activity 5OmCi mmol -').
The cells were washed once with medium containing
5 mgml -1 albumin and further incubated in medium
supplemented with albumin in the presence or
absence of thimerosal, an inhibitor of fatty acid
reacylation. At the end of the incubation time, an
aliquot of the supernatant was removed and the
radioactivity therein determined by liquid scintil-
lation counting. In control experiments, the liberated
activity was shown to be more than 95% arachid-
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onic acid when analyzed by thin layer chromatog-
raphy (t.l.c.). However, all of the activity was once

arachidonic acid esterified to complex lipids. Thus
the determination of the total release activity could
be taken as a measure of liberated arachidonic acid.
To analyze the distribution of labelled arachidonic

acid among the different phospholipid classes,
macrophages were incubated in multi well plates (24
wells, Costar) with 0.05pCi ["4C]-arachidonic acid
in the presence or absence of various concentrations
of dexamethasone for 20h. Then the medium was
removed, and the cells lysed with 500yl cold H20.
The suspension was briefly sonicated and the lipids
were extracted by chloroform/methanol and separ-
ated by t.l.c. (Goppelt & Resch, 1984). The amount
of radioactivity of the individual lipid fractions was
determined by liquid scintillation counting.

Determination ofenzyme activities

Enzyme activities were determined in a crude mem-
brane fraction from macrophages. For this purpose,
the macrophages were incubated over night with or
without dexamethasone in petri dishes in medium
supplemented with albumin. At the end of the incu-
bation period, the supernatant was replaced by cold
buffer (20mm Tris/HCl, pH 8.0, 5% saccharose). The
plates were either kept on ice for 15 min or frozen to
- 20°C before use. The cells were scraped off by a
rubber policeman and briefly sonicated in the cold.
To prepare crude membranes, the homogenate was

centrifuged at 600g and the pellet resuspended in
buffer and again sonicated. The supernatants were

combined, supplemented with 0.1 mm CaCl2 and
centrifuged at 100,000 g for 1 h. The pellet was
resuspended in buffer (Tris/HCI, saccharose) and
kept on ice or frozen to - 80°C. Protein was deter-
mined by measuring the native fluorescence at 280/
340nm (Resch et al., 1972) with bovine serum
albumin used as standard.

Determination ofphospholipase A2 activity

Phospholipase A2 activity was determined essentially
as described by Flesch & Ferber (1986) using phos-
phatidylcholine L-a-1-palmitoyl-2-arachidonyl (ara-
chidonyl-1-['4C]) (NEN, Boston, MA, U.S.A.) as
substrate. The phospholipid was suspended in twice
distilled water containing bovine serum albumin
(essentially fatty acid-free) by brief sonication in the
cold (final concentration in the assay: 1 gm lipid cor-

responding to about 25,000 c.p.m., 5mgml'
albumin). The assay mixture contained 50mM Tris/
HCI, pH 8.5, 10mM CaCl2, 10 to 20 pg protein and
the labelled lipid as substrate in a total volume of

250/,il in glass tubes. Control assays were performed
with 10mM EDTA instead of CaCl2. After incu-
bation for 60min at 370C the reaction was terminat-
ed by the addition of 375 p1 cold isopropanol/l N
HC (1/0.086, v/v). The glass tubes were kept in an
ice bath and 700p1 heptane was added. The solution
was shaken vigorously in order to obtain a homo-
geneous one phase system and the tubes were warmed
up to room temperature to develop a two-phase
system. After 30min, 500 p1 of the heptane phase
were transferred to an Eppendorf tube containing
200 p1 heptane and about 200mg of silica to adsorb
extracted phospholipid. The well mixed tubes were
centrifuged at 13,000g for 5min and the radio-
activity of 500 M1 of the supernatant determined by
liquid scintillation counting. The enzyme activity
was calculated from the percentage of liberated fatty
acid. In control experiments the heptane phase was
analyzed by t.l.c. and contained exclusively free ara-
chidonic acid. No diacylglycerol was detectable,
which might have been generated by a phos-
pholipase C activity.

Determination ofcyclo-oxygenase/PGE isomerase
activity

The synthesis of PGE2 from arachidonic acid was
determined in a crude membrane fraction similar as
described by Kosaka et al. (1987). The assay mixture
contained 50mM HEPES, pH 7.4, 4mM glutathione,
1 pM haemoglobin, 1 mm tryptophan, 20 to 40 pg
protein and 1 pM arachidonic acid (sodium salt) as
substrate in a total volume of 200 p1. As control,
5 x 10-M diclophenac was added. After incubation
for 10 min at 37°C the reaction was terminated by
the addition of 20pl acetylsalicylate (5 x 1O-4M)
and quick freezing in liquid nitrogen. The PGE2
concentration was determined by radioimmunoass-
ay. There were no crossreactivities with any of the
constituents of the assay.

Materials

Dexamethasone phosphate (9a-fluoro-16a-methyl-
prednisolone phosphate, Decadrop) and acetylsalicy-
late were obtained from MSD Sharp and Dohme,
Munchen, F.R.G. In the dilutions used, the solvent
of dexamethasone did not influence the parameters
measured. Thimerosal (ethylmercurythiosalicylate),
arachidonic acid (sodium salt) and actinomycin D
were from Sigma, Munchen, F.R.G. Arachidonic
acid (free acid) was obtained from NuChek Prep,
Elysian, U.S.A. The fatty acid was kept in ethanol/
toluol (4/1, v/v). Before use, the organic solvent was
evaporated and the arachidonic acid diluted in the
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Figure 1 Concentration-dependent inhibition of pros-
tanoid synthesis from exogenous arachidonic acid by
dexamethasone. Macrophages were preincubated for
20 h in the presence or absence of dexamethasone in the
concentrations indicated. Then the medium was
exchanged and the cells were further incubated in
the presence (I PGE2; * thromboxane) or absence
(O PGE2) of arachidonic acid (3 x 10-6 M) for 1 h. The
concentration of thromboxane in the absence of arachi-
donic acid was below the detection limit. Data are
results of a representative experiment out of a series of 3
similar ones. Vertical bars are the range of duplicate
incubations.
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Figure 2 Short time kinetics of the induction of pros-
taglandin synthesis in bone marrow-derived macro-
phages. After preincubation for 20h without (0) or
with dexamethasone (A 10-7M; U 10-6M), the cells
were kept in fresh medium under the same conditions
for about 30min. Then arachidonic acid was added
(3 x 10-6M) and the prostaglandin release determined
after the times indicated. Vertical bars are the range
about the means of two experiments each with dupli-
cate incubations.

Results

appropriate medium by brief sonication. Diclofenac
(o-(2,3 dichloranilino)-phenylacetic acid) was kindly
provided by Ciba-Geigy, Werth, F.R.G.

Inhibition ofprostanoid synthesisfrom exogenous
arachidonic acid in dexamethasone-treated
macrophages

Statistical tests

When arachidonic acid or prostaglandin release was

measured, means of duplicate incubations were
determined under each experimental condition.
When enzyme activities were measured, duplicate
assays were performed for each cell preparation. To
compare the values obtained from different primary
cell cultures, the mean of each set of control cells was
taken as 100% and the mean of the respective cells
incubated with hexamethasone calculated as a per-
centage of the control. Percent data are given as
means + s.d. of n different cells cultures. The sta-
tistical significance of the inhibition values so
obtained was calculated using the non-paired two-
tailed Student's t test. A P value <0.05 was con-
sidered to indicate a statistically significant difference
between two sets of data.

Bone marrow-derived macrophages were obtained in
high yield (about 20 x 106 cells from 1 x 106 stem
cells) as a homogeneous preparation of mature
macrophages. After cultivation in the presence of
serum and L-cell conditioned medium as a source of
colony stimulating factor, the cells were further incu-
bated in medium supplemented with bovine serum
albumin (5mg ml -). The cells were induced to
increase prostaglandin synthesis by exogenously
added arachidonic acid. Prostanoid synthesis was
inhibited by dexamethasone-pretreatment in a
concentration-dependent manner. A representative
experiment of the inhibition of PGE2 and thrombox-
ane synthesis after 1 h incubation with arachidonic
acid (3 x 10-6M) is shown in Figure 1. The synthesis
of PGE2 was inhibited by 66.5 + 2.8% and
56.7 + 2.9% by 10-6M and i0-7 M dexamethasone
respectively (n = 3, P < 0.0001 versus control).
Thromboxane synthesis, which was about one third
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of PGE2 synthesis, was inhibited to the same extent.
The amount of prostanoids released was not signifi-
cantly different after 1, 3 and 5 h of incubation with
arachidonic acid, indicating a fast synthesis during
the first hour of incubation. Thus prostaglandin syn-
thesis was measured during the first 5 min of arach-
idonic acid incubation (Figure 2). The value
determined after 1 min was considered as back-
ground and thus set to zero. In control cells, an
increase in PGE2 synthesis was evident already after
3 min of exposure to arachidonic acid. The synthesis
was almost completely inhibited by pretreatment
with 10-6M dexamethasone and to a lesser extent by
pretreatment with 10 -M dexamethasone.
When macrophages were incubated with dexa-

methasone and arachidonic acid simultaneously, no
inhibition of prostanoid synthesis was observed
(Figure 3). They had to be preincubated with dexa-
methasone for at least 3-5 h before an inhibitory
effect became apparent. To show the necessity of
RNA synthesis for the dexamethasone-induced inhi-
bition of prostaglandin synthesis, macrophages were
treated with actinomycin D prior to dexamethasone
incubation (Table 1). At the end of the incubation
time, cell viability was 60 + 6% compared to control
cells under the different conditions used. RNA syn-
thesis was inhibited completely (>97%) as deter-
mined by [3H]-uridine incorporation. The inhibitory
effect of dexamethasone on PGE2 synthesis was
reversed by pretreatment of the cells with actino-
mycin D.
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Figure 3 Importance of the preincubation for
dexamethasone-induced inhibition of prostaglandin
synthesis. Macrophages were preincubated with or
without dexamethasone (10-6M) for the times indicated.
Then the medium was removed and medium containing
arachidonic acid (3 x 106M) with or without dexa-
methasone was added to the cultures for 1 h. PGE2 was
determined in the supernatants by radioimmunoassay.
Data are percentage PGE2 compared to non-treated
control cells (means + s.d. of 3 experiments).

Table 1 Effect of actinomycin D on the
dexamethasone-induced inhibition of prostanoid
synthesis

Macrophage incubation
mixture

Medium
Dexamethasone
Medium +

arachidonic acid
Dexamethasone +

arachidonic acid

Pretreatment conditions
Control Actinomycin D

1033 + 113
559 ± 75

4716 + 760

1436 + 123
1549 + 175
5668 ± 761

1251 + 27 6181 + 347

Bone marrow-derived macrophages were preincu-
bated for 3 h with actinomycin D (10jigml 1).
They were further incubated with dexamethasone
(10-6M) for 14 h. Part of the cells were stimulated
during the last hour of the incubation period with
exogenous arachidonic acid (10- M). PGE2
(pgml-1) was determined in the supernatants by
radioimmunoassay. Data are means ± s.d. of trip-
licate incubations.

Effect ofconditioned media on PGE2 synthesis

Macrophages were preincubated overnight without
dexamethasone. Then the medium was removed and
conditioned medium added from cells that had been
preincubated in the presence or absence of dexa-
methasone (10-6M). To induce prostaglandin syn-
thesis, arachidonic acid or thimerosal were added as
stimuli. Thimerosal is a mercury compound, which
inhibits the reacylation of liberated endogenous
arachidonic acid and thus increases the pool of free
arachidonic acid available for prostanoid synthesis
(Goppelt-Struebe et al., 1986). The calculation of
PGE2 synthesis was corrected for the different
amount of PGE2 introduced by the conditioned
medium. Compared to medium from control cells,
the conditioned medium from dexamethasone-
treated cells was able to inhibit prostaglandin
release: after 60min stimulation with thimerosal
(10-4M) or arachidonic acid (10-5M) PGE2 synthe-
sis was inhibited by 18 + 5% and 23 + 9% (n = 3,
P < 0.05 versus control), respectively. Inhibition of
arachidonic acid release from prelabelled cells was
not detectable under the same experimental condi-
tions.

Effect ofdexamethasone on arachidonic acid
distribution among phospholipids

When bone marrow-derived macrophages were incu-
bated with [14C]-arachidonic acid, the fatty acid was
rapidly incorporated into phospholipids, primarily
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Table 2 Inhibition of phospholipase A2 and
cyclo-oxygenase/PGE isomerase activity in mem-
branes of dexamethasone-treated macrophages

% inhibition

Phospholipase A2
substrate: phosphatidylcholine
substrate: phosphatidylethanolamine

Cyclo-oxygenase/PGE isomerase

Control 10-8 io-7 10-6 10-5
Dexamethasone (M)

Figure 4 Distribution of arachidonic acid among dif-
ferent phospholipid species. Macrophages were incu-
bated for 20h with [14C]-arachidonic acid in the
presence of dexamethasone in the concentrations indi-
cated. Lipids were extracted and separated as described
in Methods. Vertical bars are the range of 2 experi-
ments. If not indicated otherwise, the range was smaller
than the symbols used. PE, phosphatidylethanolamine,
PI phosphatidylinositol, PS, phosphatidylserine, PC
phosphatidylcholine.

phosphatidylcholine, and neutral lipids. With pro-
longed incubation, arachidonic acid was rearranged
among the different lipid species; after 20h of incu-
bation the fatty acid was esterified almost exclusively
to phospholipids with most of the activity associated
with phosphatidylethanolamine. After incubation of
the macrophages for 20h the distribution of arach-
idonic acid was not significantly altered, when the
cells were incubated in the presence of various con-
centrations of dexamethasone (Figure 4).

Release ofarachidonic acidfrom prelabelled cells

Macrophages were prelabelled for 20 h with arach-
idonic acid in the presence or absence of dexametha-
sone (10-6M). Then the washed cells were further
incubated in medium supplemented with albumin to
trap liberated fatty acid. To enhance the arachidonic
acid release the reincorporation was inhibited by thi-
merosal, which inhibits the lysophosphatide acyl-
transferase (Goppelt-Struebe et al., 1986). The ratio
of fatty acid released from dexamethasone-treated
cells (10- 6M) to that released from control cells, was
0.94 + 0.05 (n = 6) in the absence and 0.91 + 0.25
(n = 4) in the presence of thimerosal (10-kM),
measured after 1 h. As can be seen from the large
standard deviation, in some experiments there was

even an increase in arachidonic acid release from
dexamethasone-treated macrophages, but no signifi-
cant decrease as expected from the prostanoid syn-
thesis, which was inhibited by over 60% under the
same conditions.

Membranes were prepared from macrophages
which had been incubated for 20 h with or without
dexamethasone (10-6M). Enzyme activities were

determined as described in Methods. Data are per-
centage inhibition compared to non-treated
control cells (n = 4, *P < 0.02, **P < 0.01)

Inhibition ofphospholipase A2 by dexamethasone

The activity of phospholipase A2 was measured in
membranes obtained from macrophages that had
been incubated with dexamethasone for 20 h. This
incubation did not influence the adherence or the
optical appearance of the cells. The amount of
protein recovered in the cell homogenates and mem-
branes from dexamethasone-treated cells and control
cells was not significantly different. Phospholipase
A2 activity was determined with radiolabelled phos-
pholipids as substrates. Cleavage of arachidonic
acid from phosphatidylcholine and phospha-
tidylethanolamine, labelled with arachidonic acid in
position 2, was inhibited in the membranes from
dexamethasone-treated cells (Table 2).

Inhibition ofcyclo-oxygenase/PGE isomerase
activity

The conversion of exogenously added arachidonic
acid to PGE2 was measured in a crude membrane
fraction. Membranes, prepared from dexamethasone-
treated cells, showed a significantly reduced
cyclo-oxygenase/PGE2 isomerase activity (Table 2).

Discussion

The inhibitory effect of glucocorticoids on prosta-
glandin synthesis has been demonstrated in various
cell types and tissues, especially in inflammatory
tissues (Flower, 1988). It was attributed to the induc-
tion of lipocortins, which are characterized by their
ability to inhibit phospholipase A2. This mechanism,
however, was not consistent with all the experimen-
tal evidence obtained in different types of inflamma-
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tion models (Calignano et al., 1985; Foster &
McCormick, 1985). When healthy men or rabbits
were treated with glucorticoids, the whole body pro-
duction of prostanoids measured as urinary excre-
tion was not diminished (Naray-Fejes-Toth et al.,
1984; Rosenkrantz et al., 1985). The increased PGE2
synthesis observed in some cells such as fibroblasts
(Chandrabose et al., 1978), mast cells (Robin et al.,
1985) or renal medullary interstitial cells (Erman et
al., 1986 and references therein), upon glucocorticoid
administration may add to this effect. Thus, the effect
of glucocorticoids on prostanoid synthesis varies
depending on the cell system, adding to the complex-
ity of glucocorticoid action. At variance with many
other groups, Moore & Hoult (1980) could show a
decrease in the activity of prostaglandin synthase
and an increase in the activities of prostaglandin
degrading enzymes in different tissues of rats by glu-
cocorticoids and an action at a later stage than
phospholipase A2 was also suggested by Wood et al.
(1984), investigating hydrocortisone effects in macro-
phages. Thus there was evidence that the action of
glucocorticoids on arachidonic acid metabolism is
more complex than a generalized phospholipase A2
inhibition.
One of the arguments against a regulation distal

to phospholipase A2 was the reversibility of steroid-
induced inhibition of prostanoid synthesis by exo-
genously added arachidonic acid (Russo-Marie &
Duval, 1982; Parente et al., 1984; Fan & Lewis;
1985).

In our experiments prostanoid synthesis was
inhibited by dexamethasone when arachidonic acid
was added to the cells as inducing agent. The dis-
crepancy with the reports cited may be due to differ-
ent experimental conditions: in those experiments
arachidonic acid and dexamethasone were added
simultaneously and PGE2 secretion measured after a
few hours. In our kinetic experiments we could show
that arachidonic acid is very rapidly metabolized to
prostaglandins: an increased PGE2 synthesis was
measurable after 3min of incubation with arachid-
onic acid and came to an end within 1 h. As the
action of glucocorticoids is dependent on protein
synthesis, preincubation with dexamethasone was an
absolute prerequisite to detect any effects. Inhibition
of PGE2 synthesis by dexamethasone was abolished
by pretreatment of the cells with actinomycin D,
excluding any direct glucocorticoid effects. When
exogenous arachidonic acid is added to macro-
phages, the arachidonic acid is rapidly incorporated
into complex lipids, phospholipids and neutral lipids.
Dexamethasone did not significantly influence the
distribution of [14C]-arachidonic acid among the
various phospholipid species, as was also reported
for cultured rat kidney cells (Russo-Marie & Duval,
1982). Release of arachidonic acid from prelabelled

macrophages (peritoneal macrophages from mouse
and RAW264 cells) had been shown not to be influ-
enced by hydrocortisone (Wood et al., 1984). These
results were confirmed by our experiments with bone
marrow-derived macrophages and dexamethasone.
Also the conditioned medium did not interfere with
the arachidonic acid release, but inhibited prosta-
glandin synthesis. These findings correlate with the
rather modest inhibition of phospholipase A2 activ-
ity by about 25%.

Inhibition of the membrane-bound phospholipase
A2 was measured with two types of substrates, phos-
phatidylcholine and phosphatidylethanolamine.
Lipocortin was shown recently to inhibit pancreatic
phospholipase A2 with phosphatidylethanolamine as
substrate but not with phosphatidylcholine (Rothut
et al., 1987). At the moment, however, we do not
have any evidence for the mechanism of the
glucocorticoid-induced intracellular inhibition of
phospholipase A2, bound to the particular fraction
of macrophages. As we could show recently, phos-
pholipase A2 activity is also inhibited in
dexamethasone-treated phorbolester-differentiated
U937 cells (Koehler et al., 1989). However, the
expression of lipocortins is not inducible by gluco-
corticoids in these cells (Isacke et al., 1989). Thus
other mechanisms of inhibition of phospholipase A2
may also be operative in the glucocorticoid-treated
cells.
The modest inhibition of phospholipase A2 activ-

ity and the failure to detect effects of dexamethasone
on phospholipid metabolism suggested additional
regulatory mechanisms. Endogenous arachidonic
acid is metabolized to cyclo-oxygenase or lipoxy-
genase products. It is not quite clear whether exoge-
nous arachidonic acid is a direct substrate for the
cyclo-oxygenase or whether it is first esterified to
phospholipids and becomes a substrate after cleav-
age by a phospholipase A2. Esterification seems to
be necessary for leukotriene formation but not for
prostanoid synthesis in resident macrophages (Scott
et al., 1982). The very fast PGE2 synthesis observed
in bone marrow-derived macrophages suggested a
direct conversion, which was inhibited by dexa-
methasone. Thus the data indicated an effect of
dexamethasone on the cyclo-oxygenase/PGE iso-
merase system. This could be confirmed by the direct
measurement of the cyclo-oxygenase/PGE isomerase
system. The conversion of arachidonic acid was
inhibited in membranes from dexamethasone-treated
macrophages compared to membranes from control
cells. A similar inhibition of prostaglandin synthase
in rats was also shown by Moore & Hoult (1980).
After this manuscript was submitted, Bailey et al.
(1988) showed decreased mRNA levels of cyclo-
oxygenase in vascular smooth muscle cells and Raz
et al. (1989) showed decreased levels of cyclo-



1294 M. GOPPELT-STRUEBE et al.

oxygenase in fibroblasts. This indicates that the
effects of glucocorticoids on cyclo-oxygenase are not
restricted to a certain cell type but seem to be of
more general nature.
Thus we could show a dexamethasone-induced

inhibition of an endogenous membrane-bound phos-
pholipase A2 activity. However, our results also indi-
cate that there are additional regulatory mechanisms

that do not lead to a general inhibition of arachid-
onic acid metabolism but to a more selective inhibi-
tion of prostanoid synthesis.
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supported by the Deutsche Forschungsgemeinschaft (SFB
244/B5).

References

AARSMAN, A.J., MYNBEEK, G., VAN DEN BOSCH, H.,
ROTHUT, B., PRIEUR, B., COMERA, C., JORDAN, L. &
RUSSO-MARIE, F. (1987). Lipocortin inhibition of extra-
cellular and intracellular phospholipases A2 is substrate
concentration dependent. FEBS Lett., 219, 176-180.

BAILEY, J.M., MAKHEJA, A.N., PASH, J. & VERMA, M. (1988).
Corticosteroids suppress cyclooxygenase messenger
RNA levels and prostanoid synthesis in cultured vascu-
lar cells. Biochem. Biophys. Res. Commun., 157, 1159-
1163.

BRUGGE, J.S. (1986). The p35/p36 substrates of protein-
tyrosine kinases as inhibitors of phospholipase A2 . Cell,
46, 201-212.

CALIGNANO, A., CARNUCCIO, R., DiROSA, M., IALENTI, A.
& MONCADA, S. (1985). The anti-inflammatory effect of
glucocorticoid-induced inhibitory proteins. Agents
Actions, 16, 60-62.

CHANDRABOSE, K.A., LAPENTINA, E.G., SCHMITGES, C.J.,
SIEGEL, M.I. & CUATRECASAS, P. (1978). Action of
corticosteroids in regulation of prostaglandin biosyn-
thesis in cultured fibroblasts. Proc. NatL. Acad. Sci.,
U.S.A., 15, 214.

DAVIDSON, F.F., DENNIS, E.A., POWELL, M. & GLENNEY,
J.R. (1987). Inhibition of phospholipase A2 by 'lipocor-
tins' and calpactins. J. Biol. Chem., 262, 1698-1705.

ERMAN, A., HASSID, A., BAER, P.G. & NASJLETTI A. (1986).
Treatment with dexamethasone increases glomerular
prostaglandin synthesis in -rats. J. Pharmacol. Exp.
Ther., 239, 296-301.

FAN, T.-P.D. & LEWIS, G.P. (1985). Mechanism of cyclo-
sporin A-induced inhibition of prostacyclin synthesis by
macrophages. Prostaglandins, 30, 735-747.

FISCHER, H.-G., RESKE-KUNZ, A.S., SPAETH, E., KIRCH-
NER, H. & RUEDE, E. (1984). Characterization of
lymphokine-mediated activation of macrophages for
antigen presentation: studies with long-term cultured
bone marrow-derived macrophages and cloned T cells.
Immunobiol., 168, 232-245.

FLESCH, I. & FERBER, E. (1986). Effect of cellular fatty acid
composition on phospholipase A2 activity of bone
marrow-derived macrophages and their ability to
induce lucigenin-dependent chemiluminescence. Bio-
chim. Biophys. Acta, 89, 6-14.

FLOWER, RJ. (1984). Macrocortin and the antiphos-
pholipase A2 proteins. Adv. Inflam. Res., 8, 1-34.

FLOWER, R.J. (1988). Lipocortin and the mechanism of
action of glucocorticoids. Br. J. Pharmacol., 94, 987-
1015.

FLOWER, R.J. & BLACKWELL, G.J. (1979). Anti-
inflammatory steroids induce biosynthesis of a phos-

pholipase A2 inhibitor which prevents prostaglandin
generation. Nature, 278, 456-459.

FOSTER, S.J. & McCORMICK, M.E. (1985). The mechanism
of the anti-inflammatory activity of glucocorticoids.
Agents Actions, 16, 58-59.

GLENNEY, J.R., TACK, B. & POWELL, M.A. (1987). Calpac-
tins: two distinct Ca' '-regulated phospholipid- and
actin-binding proteins isolated from lung and placenta.
J. Cell. Biol., 104, 503-511.

GOPPELT, M. & RESCH, K. (1984). Densitometric quantita-
tion of individual phospholipids from natural sources
separated by one-dimensional thin-layer chromato-
graphy. Anal. Biochem., 140, 152-156.

GOPPELT-STRUEBE, M., KOERNER, C.-F., HAUSMANN, G.,
GEMSA, D. & RESCH, K. (1986). Control of prostanoid
synthesis: Role of reincorporation of released precursor
fatty acids. Prostaglandins, 32, 373-385.

GOULD, TIJ.L.M., SCHOTTE, C. & v. FURTH, R. (1975). Iden-
tification and characterization of the monoblast in
mononuclear phagocyte colonies grown in vitro. J. Exp.
Med., 142, 1180-1199.

HIRATA, F., SCHIFFMANN, E., VENKATASUBRAMANIAN,
K., SALOMON, D. & AXELROD, J. (1980). A phos-
pholipase A2 inhibitory protein in rabbit neutrophils
induced by glucocorticoids. Proc. Natl. Acad. Sci.,
U.S.A., 77, 2533-2536.

HONG, S.-C. & LEVINE, L. (1976). Inhibition of arachidonic
acid release from cells as the biochemical action of anti-
inflammatory corticosteroids. Proc. Natl. Acad. Scd.,
U.S.A., 73, 1730-1734.

HUANG, K.-S., WALLNER, B.P., MATTALIANO, R.J.,
TIZARD, R., BURNE, C., FRAY, A., HESSION, C.,
McGRAY, P., SINCLAIR, L.K., CHOW, E.P., BROWNING,
J.L., RAMACHANDRAN, K.L., TANG, J., SMART, J.E. &
PEPINSKY, R.B. (1986). Two human 35 kd inhibitors of
phospholipase A2 are related to substrates of pp60v8rc
and of the epidermal growth factor receptor/kinase.
Cell, 46, 191-199.

HULLIN, F., RAYNAL, P., RAGAB-THOMAS, J.M.F., FAUVEL,
J. & CHAP, H. (1989). Effect of dexamethasone on pros-
taglandin synthesis and on lipocortin status in human
endothelial cells. J. Biol. Chem., 264, 3506-3513.

HUTTON, J.C. (1986). Calcium binding proteins and secre-
tion. Cell Calcium, 7, 339-352.

ICHIKAWA, Y., PLUZNIK, D.H. & SACHS, L. (1966). In vitro
control of the development of macrophage and granu-
locyte colonies. Proc. Natl. Acad. Sci., U.S.A., 56, 488-
495.

ISACKE, C.M., LINDBERG, R.A. & HUNTER, T. (1989). Syn-
thesis of p36 and p35 is increased when U-937 cells dif-



DEXAMETHASONE AND PROSTANOID SYNTHESIS 1295

ferentiate in culture but expression is not inducible by
glucocorticoids. Mol. Cell. Biol., 9, 232-240.

KAEVER, V., GOPPELT-STRUEBE, M. & RESCH, K. (1988).
Enhancement of eicosanoid synthesis in mouse perito-
neal macrophages by the organic mercury compound
thimerosal. Prostaglandins, 35, 885-902.

KOEHLER, L., HASS, R., (gOPPELT-STRUEBE, M., KAEVER,
V. & RESCH, K. (1989). Differential effect of dexametha-
sone on the regulation of phospholipase A2 and
prostanoid synthesis in undifferentiated and
phorbolester-differentiated U937 cells. J. Cell Biochem.,
40, 397-406.
inhibits the release of bronchoconstrictor arachidonic
acid metabolites (iLTC4, and PGD2) from rat mast cells
and guinea-pig lung. Agents Actions, 21, 32-37.

MOORE, P.K. & HOULT, J.R.S. (1980). Anti-inflammatory
steroids reduce tissue PG synthetase activity and
enhance PG breakdown. Nature, 288, 269-270.

NARAY-FEJES-TOTH, A., FEJES-TOTH, G., FISCHER, C. &
FROELICH, J.C. (1984). Effect of dexamethasone on in
vivo prostanoid production in the rabbit. J. Clin. Invest.,
74, 120-123.

PARENTE, L, DiROSA, M, FLOWER, F.J., GHIARA, P., MELI,
R., PERSICO, P., SALMON, J.A. & WOOD, J.N. (1984).
Relationship between the anti-phospholipase A2 and
anti-inflammatory effects of glucocorticoid-induced pro-
teins. Eur. J. Pharmacol., 99, 233-239.

RAZ, A., WYCHE, A. & NEEDLEMAN, P. (1989). Temporal
and pharmacological division of fibroblast cyclo-
oxygenase expression into transcriptional and trans-
lational phases. Proc. Natl. Acad. Sci., U.S.A., 86,
1657-1661.

RESCH, K., IMM, W., FERBER, E., WALLACH, D.F.H. &
FISCHER, H. (1972). Quantitative determination of
soluble and membrane bound proteins through their
native fluorescence. Naturwissenschaften, 58, 220.

ROBIN, J.-L., SELDIN, D.C., AUSTEN, K.F. & LEWIS, R.A.
(1985). Regulation of mediator release from mouse bone

marrow-derived mast cells by glucocorticoids. J.
ImmunoL, 135, 2719-2726.

ROSENKRANTZ B., NARAY-FEJES-TOTH, A., FEJES-TOTH,
G., FISCHER, C., SAWADA, M. & FROELICH, J.C. (1985).
Dexamethasone effect on prostanoid formation in
healthy man. Clin. Sci., 68, 681-685.

ROTHUT, B., COMERA, C., PRIEUR, B., ERRASFA, M., MIN-
ASSIAN, G. & RUSSO-MARIE, F. (1987). Purification and
characterization of a 32kDA phospholipase inhibitory
protein (lipocortin) from human peripheral blood
mononuclear cells. FEBS Lett., 219, 169-175.

ROUSSEAU, G.G. (1984). Control of gene expression by glu-
cocorticoid hormones. Biochem. J., 224, 1-12.

RUSSO-MARIE, F. & DUVAL, D. (1982). Dexamethasone-
induced inhibition of prostaglandin production does
not result from a direct action on phospholipase A2
activities but is mediated through a steroid-inducible
factor. Biochim. Biphys. Acta, 712, 177-185.

SATO, E.F., MIYAHARA, M. & UTSUMI, K. (1988). Purifi-
cation and characterization of a lipocortin-like 33kDA
protein from guinea pig neutrophils. FEBS Lett., 227,
131-135.

SCOTT, W.A., PAWLOWSKI, N.A., ANDREACH, M. & COHN,
Z.A. (1982). Resting macrophages produce distinct
metabolites from exogenous arachidonic acid. J. Exp.
Med., 155, 535-547.

WALLNER, B.P., MATTALIANO, R.J., HESSION, C., CATE,
R.L., TIZARD, R., SINCLAIR, L.K., FOELLER, C., CHOW,
E.P., BROWNING, J.L., RAMACHANDRAN, K.L. &
PEPINSKY, R.B. (1986). Cloning and expression of
human lipocortin, a phospholipase A2 inhibitor with
potential anti-inflammatory activity. Nature, 320,
77-80.

WOOD, J.N., COOTE, P.R. & RHODES, J. (1984). Hydrocor-
tisone inhibits prostaglandin production but not arach-
idonic acid release from cultured macrophages. FEBS
Lett., 174, 143-146.

(Received October 13, 1988
Revised July 13, 1989

Accepted July 31, 1989)


